The ability of the PtCOMT (caffeate/5-hydroxyferulate O-methyltransferase from Populus tremuloides L.) -modified Betula pendula Roth. lines to form symbiosis with an ectomycorrhizal (ECM) fungus Paxillus involutus Batsch Fr. was studied in vitro. Lignin precursor gene PtCOMT was introduced into two B. pendula clones under the control of the cauliflower mosaic virus 35S promoter or the promoter of the sunflower polyubiquitin gene UbB1. Of the four transgenic lines, one 35S-PtCOMT line (23) had a decreased syringyl/guaiacyl (S/G) ratio of root lignin, and two UbB1-PtCOMT lines (110 and 130) retarded root growth compared to the control clone. Both control clones and all transgenic lines were able to form ECMs with P. involutus, but the transgenic lines differed from the controls in the characteristics of the ECMs. The number of lateral roots covered with fungal hyphae and/or development of a Hartig net (HN) were reduced in line 23 with a decreased S/G ratio, and in lines 110 and 130 with slower root formation and changed root morphology, respectively. However, line 23 benefited more from the inoculation in lateral root formation than the control, and in lines 110 and 130 the percentage of viable plants increased most due to inoculation. The results show that B. pendula plants genetically transformed with the lignin gene PtCOMT could form mycorrhizal symbiosis regardless of changes in either the root S/G ratio or development. The benefits of the symbiosis were variable even in the closed in vitro system, and dependent on the clone or transgenic line and the ECM fungal symbiont.
Introduction
Trees support a myriad of organisms and, in many cases, are key organisms with diverse interactions in the forest ecosystem. Ectomycorrhizas (ECMs) are symbiotic interactions between certain root fungi and most temperate and boreal forest trees, including many economically important species of the families Pinaceae, Betulaceae and Fagaceae (SMITH and READ, 1997) . Trees are highly dependent on the ECM fungi for nutrient and water acquisition (LINDAHL et al., 2002) , and ECM fungi can also protect host trees against both biotic (MORIN et al., 1999) and abiotic stress (JENTSCHKE et al., 1999) .
Paxillus involutus (Batsch) Fr. is a common ECM fungus forming a symbiosis with a large number of tree species including Betula pendula. In the ECM symbiosis between P. involutus and B. pendula (BRUN et al., 1995; LE QUÉRÉ et al., 2005) lateral roots are rapidly enclosed by the hyphal mantle and thus isolated nutritionally from the soil. In addition, the hyphae penetrate between epidermal cells and form a highly branched Hartig net at the nutrient exchange interface. During mycorrhiza formation the epidermal cells of lateral roots extend radially, which has been suggested to increase the surface contact between the symbionts (BRUN et al., 1995) . The distinct stages in the ECM development between B. pendula and P. involutus are covered by numerous changes in gene expression in both symbionts (JOHAN-SSON et al., 2004; LE QUÉRÉ et al., 2005; MOREL et al., 2005) , including the genes related to lignin biosynthesis in B. pendula (LE QUÉRÉ et al., 2005) .
Lignin, one of the main components of cell walls, is a chemically stable hydrophobic phenolic heteropolymer which is needed for structural integrity, water resistance in vascular xylem and protection against invading micro-organisms (BAUCHER et al., 1998) . Lignin precursor biosynthesis occurs in the cytoplasm, and the polymerisation of monolignols producing hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units occur in the cell wall. In angiosperms the main monomers are G and S units (SARKANEN and HERGERT, 1971; HIGUCHI, 1985) . Based on the 5-aromatic position of S units not available for strong carbon-carbon linkages, the content of S moieties is directly proportional to the solubility of lignin. The efficiency of wood pulping, for example, is dependent on the S monomer content in wood (CHIANG and FUNAOKA, 1990; BAUCHER et al., 2003) .
The intensive research on lignin biosynthesis and properties has continued for more than a century (SARKANEN and HERGERT, 1971; HIGUCHI, 1985) , primarily because of the high economic impact of lignin extraction in the pulp and paper industry. The current model of lignin biosynthesis in angiosperms is proposed and discussed in several articles and reviews HOFFMAN et al., 2004; LI et al., 2006) . Additional information has been obtained from studies on natural lignin mutants and on plants genetically transformed with lignin precursor genes (ANTEROLA and LEWIS, 2002; LI et al., 2006 . They are also considered to have good potential for tree breeding purposes or for multi-varietal forestry to provide improved raw wood for the pulp and paper industry .
In respect of the numerous functions of lignin, there are various ways modified lignin might affect biological interactions, including effects on herbivory and defence responses against pathogens, decomposition of gm-material, and symbiotic interactions with mycorrhizal fungi (HALPIN et al., 2007) . There are only a few reports on the ecological interactions of the lignin-modified trees in vivo (PILATE et al., 2002) or in vitro , SEPPÄNEN et al., 2007 . The aim of the present work was to study the effects of lignin modification on the tree's interaction with ECM fungus. We produced four transgenic lines by introducing PtCOMT gene into two B. pendula clones and investigated their ability to form ECM symbiosis with P. involutus in vitro. This system was used because it is highly important to characterize a specific interaction between the certain line and the fungal strain before multiple biotic interactions in vivo are included in the research.
Materials and Methods

Plant material
Genetically modified Betula pendula Roth. lines were produced by introducing the PtCOMT (caffeate/5-hydroxyferulate O-methyltransferase) gene originating from Populus tremuloides L. (BUGOS et al., 1991) into B. pendula clones A and E5396, as described by ARONEN et al. (2003) and TIIMONEN et al. (2005) . The PtCOMT gene was driven either by the cauliflower mosaic virus (CaMV) 35S promoter or by the promoter of the sunflower polyubiquitin gene UbB1 (BINET et al., 1991a; 1991b) . Both gene constructs also contained the selective marker neomycin phosphotransferase II (nptII) gene driven by the CaMV 35S promoter. Transgenic 35S-PtCOMT line 23 and UbB1-PtCOMT lines 65 and 130 originating in B. pendula clone A contained several copies of the transgene (ARONEN et al., 2003; TIIMONEN et al., 2005) , and a similar result was obtained with UbB1-PtCOMT line 110 originating in clone E5396 (Fig. 1) . The non-transformed micropropagated plants of both A and E5396 clones were used as controls. 
Fungal material
The ECM fungus Paxillus involutus (Batsch) Fr. was isolated from under an Abies sp. stand in Punkaharju, Finland (61°48'N, 29°19'E) in September 2001. The strain was deposited in the culture collection of the Punkaharju Research Unit, Finnish Forest Research Institute, by subculturing the mycelium on MelinNorkrans (mMN1) agar medium (pH 5.8) (MARX, 1969) modified by HEINONEN-TANSKI and HOLOPAINEN (1991) . Our preliminary experiment established that the fungal strain was able to form ECMs with B. pendula in vitro (data not shown).
Inoculation of Betula pendula in vitro plants with Paxillus involutus
Petri dishes, 14 cm in diameter, were filled with 75 ml of mMN2 (MARX, 1969) agar medium (pH 5.7) modified by . The concentration of glucose in the medium was low, 1.1 mM, in order to induce the formation of the mycorrhizal interaction. The surface of the agar was covered with a sterile moist filter paper (SCHLEICHER and SCHUELL, 595 ). An individual rooted in vitro plant was placed horizontally on the filter paper and the roots were kept separate. The plants were inoculated with P. involutus by placing three mycelial agar plugs, 5 mm in diameter and cut from the margin of the 8-week-old culture, close to the root system. In non-inoculated cultures, sterile agar plugs were substituted for the fungal mycelium. The roots and mycelia were covered with a sterile, moist, semicircular filter paper and protected from light by a brown filter paper attached to the dish lid. The dishes were placed in racks leaning at an angle of 70°, at bench level in the culture room where they were subjected to a 16/8 h light/dark photoperiod at 22°C with a light intensity of 133-136 µE · m -2 ·s -1 provided by cool white lamps (Airam). The plants were grown together with the fungus for 8 weeks. The experi- Figure 1 . -Southern hybridisation of the UbB1-PtCOMT line 110 and the control clone E5396 (C). For the analysis, 11-12 µg of the total genomic DNA was digested with SacI or SpeI, separated in 0.8 % agarose gel, transferred to a nylon membrane and hybridised with UbB1-PtCOMT probe according to ARONEN et al. (2003) and TIIMONEN et al. (2005) . pl. UbB1-COMT plasmid, M molecular weight marker. ment consisted of 18-20 replicates per treatment. At the time of harvest, the number of viable plants per treatment was counted. The number of adventitious and lateral roots was also noted. The shoot and root samples were dried at 60°C for 48 h and then stored at room temperature until used for the dry mass determination at 103°C for overnight. The number of lateral roots covered with the fungal hyphae was evaluated under a stereo microscope, and samples of roots with the fungal hyphae were taken for examination by light microscopy.
Light microscopy
The roots covered by the fungal hyphae, as well as non-inoculated lateral roots sampled from 3-to 4-weekold plants prior to the experiment, were analysed by light microscopy. The roots were prefixed in 0.1 M phosphate buffer (pH 7.0) containing 2.5 % (v/v) glutaraldehyde (Sigma-Aldrich) for one day and then postfixed for four hours in 1% osmium tetroxide (Sigma-Aldrich) and dehydrated in a graded ethanol series. The root samples were infiltrated and embedded in Ladd's LX 112 resin. The sections were cut with an LKB III Ultratome and stained with toluidine blue (Merck). Root sections from 4 to 15 in vitro plants per clone or line were examined under a light microscope (Olympus BX51) equipped with Olympus U-TV0.35XC camera.
Root lignin analyses
For the analysis of syringyl (S) and guaiacyl (G) monomers of root lignin, non-inoculated and inoculated in vitro roots were ground to a fine powder and extracted once with acetone, ethanol and water in a Soxhlet apparatus. S and G monomers were determined on 0.25, 3 or 5 mg extractive-free lignin of in vitro roots by thioacidolysis (ROLANDO et al., 1992 ). The gas chromatography-mass spectrometry (GC-MS) analyses were performed according to TIIMONEN et al. (2005) . The analyses were repeated four times except in the case of non-inoculated roots of control clone A and lines 130 and 110, on which only one determination was performed due to the small amount of material available for the analyses.
Due to the limited amount of in vitro roots available for S/G analyses, the root samples from the 2-to 3-yearold non-inoculated plants growing in the greenhouse and representing the same clones and lines that were used in the in vitro experiment were also analysed. The greenhouse-grown plants are described in more detail in ARONEN et al. (2003) . Prior to analysis, the roots were rapidly washed with water, debarked and cut into 1-3 cm sections. The sections were then treated as the in vitro roots except that two extractions per line/clone were performed. In the S/G analysis, 5 mg of extractivefree lignin was used and 2-3 determinations per sample were performed in the same way as for the in vitro roots.
Statistical analyses
Comparison between the non-inoculated and inoculated plants within the clone or line, as well as comparison between clone E5396 and its transgenic line 110, were performed with a parametric t-test (in case that both data to be compared passed the test of normality) or a non-parametric Mann-Whitney U-test (in case that at least one of the data to be compared did not pass the test of normality). The Kruskall-Wallis-test combined with the Mann-Whitney U test with a Bonferroni correction was used when clone A was compared to its transgenic lines. Arcsin square transformation was applied to the data of the proportion (%) of lateral roots covered by the fungal hyphae. The SPSS 13.0 statistical software was applied in the analyses.
Results
Effects of Paxillus involutus on plant growth in vitro
Inoculation with P. involutus increased the percentage of viable in vitro plants ( Table 1) ment. In these lines the percentage of viable plants increased from 21% to 72 % and from 30 % to 55 %, respectively, as a response to inoculation.
The inoculated plants had significantly higher shoot dry weights compared to the non-inoculated plants in control clones A (P = 0.011) and E5396 (P = 0.041), as well as in transgenic lines 23 (P = 0.001) and 65 (P < 0.001). Among the non-inoculated clones and lines there were no differences in the shoot dry weights. Similarly, there was no significant difference in the shoot dry weight between inoculated control clone A and its transgenic lines 23, 65 and 130. In contrast, inoculated control clone E5396 had a significantly (P = 0.003) higher shoot dry weight than line 110 ( Table 1) .
The root dry weight of the inoculated plants was significantly higher compared to the non-inoculated plants in control clones A (P = 0.023) and E5396 (P = 0.043), and transgenic lines 23 (P = 0.023) and 65 (P = 0.007). When the control clones were compared with their transgenic lines, there was no difference in the root dry weight among the non-inoculated or inoculated plants ( Table 1) .
Effect of Paxillus involutus on the number of adventitious and lateral roots
The B. pendula in vitro plants had two to four adventitious roots at the beginning of the experiment, and the inoculation had no effect on the formation of adventitious roots. The number of adventitious roots did not differ between the control clones and the corresponding transgenic line/s when inoculated with P. involutus or grown without the fungus, i.e. also line 110 that at the beginning of the experiment had impaired adventitious root formation was able to develop new roots as the control clone E5396 ( Table 1 ).
The formation of lateral roots increased significantly due to the inoculation in control clone A (P = 0.018) and in lines 23 (P = 0.002) and 65 (P < 0.001). In control clone E5396, the high number of lateral roots (464) on one non-inoculated plant influenced the mean value of the non-inoculated plants. When inoculated with P. involutus, control clone A formed significantly fewer lateral roots than transgenic line 23 (P = 0.009), and more lateral roots than transgenic line 130 (P = 0.009) ( Table 1) . Clone E5396 formed more lateral roots than transgenic line 110 both in the absence (P = 0.015) and in the presence (P = 0.001) of P. involutus ( Table 1) .
Formation of ectomycorrhizas (ECMs)
Both the control clones and transgenic lines were able to form ECMs with P. involutus. The characteristics of the ECMs varied, however, between the non-transformed control and the derived PtCOMT line/s. The percentage of lateral roots covered with the fungal hyphae varied between 4.5 and 29.9 per genotype and it was significantly higher in control clone A than in its transgenic line 65 (P = 0.006), and also slightly higher than in line 23 (P = 0.054) ( Table 2 ). P. involutus induced radial elongation of the epidermal cells in the roots of control clone A and line 65, and the fungal hyphae penetrated in most cases as far as the border of the epidermal and cortical cells and occasionally around the epidermal cells ( Table  2 and Fig. 2b ). In contrast, in the roots of line 23 the fungal hyphae penetrated less frequently along the radial cell walls of the epidermis ( Table 2 and Fig. 2c) . In line 130, some epidermal cells of the lateral roots became radially elongated even when cultivated without the fungus (Fig. 2d) . The percentage of lateral roots covered by the fungus was higher in line 130 than in clone A ( Table 2 ) but, overall, the fungus penetrated to a less- Table 2 . -Mycorrhiza formation between the Betula pendula controls or PtCOMT lines and the ectomycorrhizal fungus Paxillus involutus in vitro. The Hartig net (HN) was classified according to the depth of fungal penetration along the radial cell walls of the epidermal cells: 0 = the fungus does not penetrate into the epidermis, 1 = the fungus has started to penetrate between the epidermal cells, 2 = the fungus has penetrated as far as the border of the epidermal and cortical cells, 3 = the fungus has penetrated around the epidermal cell/s. The relative number of lateral roots covered with the fungal hyphae is given as a proportion of all lateral roots. The letters following the values denote a significant (P < 0.05) difference between control clones A or E5396 and the derived transgenic lines. er depth along the radial cell walls of the epidermis (Table 2 and Fig. 2e ).
Control clone E5396 had a significantly (P = 0.006) higher percentage of lateral roots covered by the fungal hyphae than line 110 ( Table 2 ). In the roots of clone E5396, P. involutus induced radial elongation of the epidermal cells and in most cases penetrated as far as the border of the epidermal and cortical cells or around the epidermal cells. In contrast, in the inoculated roots of line 110 the fungal penetration was either absent or there was only slight penetration of the fungal hyphae along the radial cell walls of the epidermis ( Table 2 ).
The root lignin S/G ratio
Due to the small amount of in vitro root material available for lignin analyses, we also determined the root lignin S/G ratio in the non-inoculated, greenhousegrown 2-to 3-year-old plants representing the same clones and transgenic lines as used in the in vitro experiment (Table 3) . Generally, the S/G ratios were lower in the roots of the in vitro plants than in the roots of the greenhouse-grown plants. On the other hand, the low S/G ratio found in the roots of transgenic line 23 in vitro was also evident in the roots of the greenhouse-grown plants. When the S/G ratios were compared between the inoculated and non-inoculated roots within the B. pendula clone or PtCOMT line in vitro, the inoculation did not have any consistent effect on the root S/G ratio ( Table 3) .
Discussion
In the present work we studied the ability of PtCOMTmodified B. pendula lines and non-transformed control clones to form ectomycorrhiza (ECM) with P. involutus in vitro. The in vitro cultivation system allowed us to characterise specific early interactions between the clones/lines and the P. involutus strain without interference from the multiple biotic interactions that always exist in vivo. P. involutus formed an ECM symbiosis with both control clones and all the PtCOMT lines but, compared to the non-transgenic control clones, the number of lateral roots covered with fungal hyphae and/or development of a Hartig net (HN) decreased in line 23 with a reduced root lignin S/G ratio and in lines 110 and 130 with slower adventitious root formation and changed root morphology, respectively. In another, recent study on B. pendula-P. involutus interaction, transgenic lines with disturbed root formation but showing no lignin modification were observed to form normal ECM in vitro (SEPPÄNEN et al., 2007) . In the present work, P. involutus had in general a positive effect on the host plant in both control clones and all the transgenic lines. However, whether the positive effects were observed in shoot and root growth and/or number of viable plants was highly dependent on the clone and line.
It is well known that lignification plays a role in the reinforcement of cell walls and in the formation of an effective physical and chemical barrier to restrict pathogenic fungal penetration and infection especially (EVANS and STEPHENS, 1989; BUCCIARELLI et al., 1999; HE and WOLYN, 2005) . In the ECM symbiosis, on the other hand, the defence responses are thought to be weak or only transient (HAHN and MENDGEN, 2001) . In a recent microarray assay of B. pendula-P. involutus ECMs, expression of the precursor genes of lignin biosynthesis, CCoAOMT (caffeoyl-coenzyme A 3-Omethyltransferase) and SAD (sinapyl alcohol dehydrogenase), as well as a gene homolog to a dirigent protein, were induced in specific developmental phases of ECMs (LE QUÉRÉ et al., 2005) . This indicates that lignin biosynthesis may also be involved in the formation of the ECM association.
In the present work, the PtCOMT modification was found to result in a decreased S/G ratio in root lignin of transgenic line 23 compared to control clone A. This is consistent with our previous results on the lignin composition of developing xylem (ARONEN et al., 2003) and leaves of the same line. The decrease in the S/G ratio is assumed to follow from the suppression of S lignin formation (ARONEN et al., 2003) . The S/G ratios in the in vitro roots of all the transgenic and non-transgenic plants were generally low compared to that in the stem (ARONEN et al., 2003) , leaf and root lignin of the greenhouse-grown plants. This may potentially correspond to later formation of S monolignols along with plant development (SARKANEN and HERGERT, 1971; CHEN et al., 2002) . Line 23 with a decreased S/G ratio was able to form ECMs with P. involutus in vitro but, compared to control clone A, the number of lateral roots covered with fungal hyphae was lower and the HN was less developed. However, line 23 benefited from fungal inoculation in lateral root formation more than control clone A, which probably compensated for the reduced mycorrhiza formation and, thus, the inoculated plants of line 23 grew as well as those of clone A and transgenic line 65.
In general, the differences in ECM formation and growth may be caused directly by the transgenes (as probably was the case in line 23) or position, epistatic or pleiotrophic effects of the transgene. In the present study, root formation of line 110 was slightly lowered and line 130 had changed root morphology due to the genetic modification, and the subsequent formation of HN by P. involutus was poor. The absence or very poor formation of the HN might potentially contribute to reduced nutrient exchange and, therefore, to the lack of any change in plant growth due to the inoculation. However, the number of viable plants increased the most substantially in lines 110 and 130 as a result of inoculation. This is in agreement with our earlier studies on P. sylvestris (NIEMI et al., 2000; , in which specific ECM fungi increased the survival of the host plant even in the absence of ECMs. The benefit from the ECM fungi without mycorrhiza formation may be a result of, for example, specific plant growth regulators released by the fungus, or modification of the medium composition (reviewed by NIEMI et al., 2004) . These results show the complexity of the ECM association even in the closed in vitro system without multiple biotic interactions and, therefore, highlight Table 3 . -The syringyl/guaiacyl (S/G) ratios of root lignin of the B. pendula control clones and PtCOMT lines. In vitro plants were grown without the fungus or inoculated with the ectomycorrhizal Paxillus involutus for 8 weeks. The S/G ratios of in vitro material are based on four independent thioasidolysis analyses, except for non-inoculated control clone A and PtCOMT lines 130 and 110 where only single analyses could be performed. Due to the limited amount of in vitro root material, the root samples from the 2-to 3-year-old non-inoculated plants growing in the greenhouse and representing the same clones and transgenic lines as in the in vitro experiment, were also analysed. For greenhouse plants, the S/G results are based on 2 or 3 independent thioacidolysis determinations. Tiimonen et. al.·Silvae Genetica (2008) Public concern regarding the safe use of genetically modified trees in practical applications such as silviculture has been faced with a lack of information about environmental aspects (HÄGGMAN et al., 2006) . The forest industry has focused especially on the development of raw wood with lignin characteristics that are more suitable for pulping. At this point very little is known about the ecological interactions of trees genetically transformed with lignin biosynthesis genes. The current work describes inoculation of this kind of tree with the ECM fungus in vitro. It clearly shows that, regardless of the decreased S/G ratio or changed root morphology compared to the control clones, all transgenic lines of B. pendula interacted with P. involutus and benefited from this association in vitro, but all in highly specific ways.
